ABSTRACT
BACKGROUND
The efficiency of air sparging as a groundwater remediation process depends to a large extent on the contact time and contact area of air with contaminated water. A number of investigators have conducted laboratory or field studies, or numerical simulation, in order to better understand air distribution and a few have conducted studies to measure the removal rate of contaminants from groundwater. A majority of these studies chose mostly homogeneous porous media, either 2D/3D glass-beads or sand packs, or core samples for laboratory studies, and/or homogeneous strata for field studies. Ji et al. (1993) , Ahfeld et al. (1994) , and Clayton (1998) have demonstrated the tendency of air channels developing in response to heterogeneity at both pore and larger scale in coarse to fine homogeneous sand. The transition from pore-scale viscous fingering to macroscopic capillary air channeling is estimated by Clayton (1998) to occur at air-entry pressure of about 15 to 20 cm of water. Since this is a low air-entry pressure, it is very likely that air channeling occurs, as was seen in all 18 laboratory experiments carried out by Clayton (1998) .
It is important to realize that the mechanism of contaminant removal, in such by-passed regions both in homogeneous and heterogeneous porous media, is severely diffusion limited (Clayton, 1998; Ji and Ahfled, 1993; Clayton and Nelson, 1995; Clark, 1996; Choa, 1998; Brusseau, 1991) . Plummer et al. (1997) observed channeling in their 2-D homogeneous, medium-grained glass beads model and the homogeneous sand pack of comparable permeability, density, and porosity representing both horizontal and vertical well configurations. The air distribution was more uniform for the horizontal well, suggesting that more of the porous media is impacted by air flow. We have also observed (discussed in Results Section) that in our core studies the contaminant recovery is more efficient in the horizontally cut cores than the vertically cut, indicating the adverse effect of soil stratification on contaminant recovery rate.
McKay and Acomb (1996) and Schima et al. (1996) used neutron moisture probe and cross-bore hole resistivity, respectively, to measure percentage of fluid displaced and air distribution during air sparging at two wells in a homogeneous formation consisting of uniform sands. They observed an initial rapid lateral expansion followed by consolidation of the region. They also observed inconsistent readings in less permeable, heterogeneous formations, indicating the inconsistent behavior of air flow in such formations. Chao et al. (1998) have developed waterto-air mass transfer for a number of VOCs during air sparging in soil columns packed with coarse, medium, or fine sand or glass bead.
They used a reaction numerical model and assumed concentration in the bulk phase remains constant due to slow diffusion of VOC in the aqueous phase to the air-water interface as compared to rapid volatilization of VOCs at the air-water interface. Therefore, they have modeled the interface mass transfer alone.
Their results indicated that, depending on the VOC sparged, the estimated fraction of total volume affected by air sparging varied from 5 to 20% for fine sand, but may be as high as 50%
for coarse sand, where more channels are expected to form. This observation has been made by others (Ji et al. 1993, and Clayton 1998) , as well as us; our sensitivity runs, discussed later in this paper, indicate that contaminant recovery near the interface increases as the air channel density and VOC diffusivity increase. However, as our results indicate, the overall contaminant recovery efficiency decreases when air channels or bypassing occurs. This is mainly due to overall decrease in air saturation, and as seen in our laboratory results, the contaminant recovery time will increase drastically. Hence it is best to reduce or eliminate channeling as proposed by foam injection, discussed later in this paper. We also share the observation made by Chao et al. (1998) that there seem to be an optimum mass transfer flow rate. Ahlfed et al. (1994) have conceptually described the air sparging process and they note that in heterogeneous, stratified formations in which sparging is often applied, the pattern of air movement through the subsurface is complex. This complexity is largely driven by variation in grain size, capillary resistance, and intrinsic permeability of the porous media. In addition, operating parameters such as airflow rate, injection pressure, and depth and crosssectional area of injection will also affect the contaminant recovery process. As far as the authors know, no laboratory study has specifically involved heterogeneous core studies.
Hence we hope that our laboratory results on comparison between contaminant recoveries in relatively homogeneous and heterogeneous porous media, and the proposed foam injection, instead of air injection, will aid in improving the contaminant recovery for an air sparging pro-cess. The proposed process may also decrease the remediation or cleanup time, which is of important concern during field operation.
EXPERIMENTAL AND NUMERICAL MODELS

a. Experimental Setup and Procedure
To study contaminant recovery in a relatively homogeneous porous media, a glass-bead This void space was created to allow the water to swell (rise due to displaced volume by air).
A positive pressure transducer and a differential pressure transducer were used to measure inlet pressure and pressure drop across the column.
The water vapor in the air was removed prior to injection and its flow rate was controlled and measured accurately by a digital flow system.
The effluent air was sampled by a gas chromatograph. At the end of each run, it was extremely important to remove residual contaminant. This was done by flushing the column with warm water and hot air for a number of days.
To study contaminant recovery in heterogeneous porous media, a composite core model was used. The core samples taken from the site of interest were composed of silty sand, sandy siltstone, silty sandstone, and fine to coarsegrained sandstone. The composite core assembly consisted of three core samples, cut either vertically or horizontally. A sleeve of heatshrinkable Teflon™ tubing was slid over the composite cores with screens and end plates at the two ends to hold the sand grains in place; the composite cores were then housed in a Hassler pressure cell. Mineral oil was used for application of overburden pressure. Properties of all three laboratory models are given in Table 1 . In an effort to reduce the number of variables in the laboratory study, focus was primarily given to the remediation of benzene, the most stringently regulated contaminant. However, due to the health hazard associated with exposure to benzene, 1,1,1 trichloroethane (TCA) was selected as a suitable alternative to benzene, having similar solubility, vapor pressure, and Henry's constant (ratio of vapor pressure to solubility). Other properties such as molecular weight, density, boiling point, melting point, and specific heat were also considered for comparison. Table 2 
b. Numerical Model Description
Analytical and numerical models provide insight into the air sparging mass transfer process. Rabideau and Blayden (1998) (Ji et al., 1993 ) and Wilson's (1992) proposed general n-compartment model, was developed. Between the advective air channel regions of the soil column, VOC liquid phase transport, as simulated by the model, was assumed to be diffusion limited. To facilitate data analysis, the model was written using Visual Basic Application (VBA). The numerical model had the capability to simulate the cycling on and off of the sparge system, a practice some agree has the potential to reduce costs and increase remediation efficiency (Hinchee, 1994; Acomb and McKay, 1996) . In addition, the model can be used to help predict the extent of postremedial contaminant rebound by simulating groundwater contaminants as they diffuse towards equilibrium concentrations. About 60% of the 32 case studies evaluated showed poor performance (not sufficient for site closure) due to substantial rebound following an initial contaminant concentration reduction (Bass, 1996) . Generally a period of 6-12 months is required for rebound to fully develop. In some cases this rebound may be related to rise in water table, and hence desorption of contaminant. Our results showed that the slow diffusion of contaminant towards air channels may also be responsible for rebound of dissolved contaminant concentration.
Because the water velocity is negligible (McCray and Falta, 1977) , the aqueous-phase dispersion is neglected. The contaminant vaporizes at the interface, and its distribution within the air channel is assumed to be instantaneous and thus is considered an equilibrium process, 
For details of the numerical model, please refer to Drucker (1995 Drucker ( ,1996 .
c. Foam Injection to Reduce Air Mobility
The capacitance or dead-end pore model was originally proposed to explain the concentration "tail" observed in breakthrough curves of displacements. This tail is more pronounced in carbonate than in sand stones because the pore structure of a typical carbonate is more heterogeneous (Raimondi and Torcaso, 1964; Stalkup, 1970; Shelton and Schneider, 1975; Spence and Watkins, 1980 (Khan, 1965; Bernard and Holm, 1964) . This is attributed to blocking of pore throats due to gas films. In a parallel core flood study, Di Julio (1989) demonstrated the ability of foam to reduce CO 2 gas mobility by plugging air channels in higher permeable core and to diverting CO 2 to lower permeability core. The foam injection resulted in an incremental oil recovery of 33.6%. It is expected that foam injection in the air sparge process reduces air mobility and hence provides a significant reduction in contaminant recovery time. value "a" is decreased, the value of "b" is also decreased (due to an increase in air channel number density), causing the remediation rate to improve. Therefore, to improve contaminant removal efficiency, it is desirable to promote a relatively large number of air channels, having small radii, within a given volume of saturated soil. In the limit, this may be represented by evenly distributed air saturation within a given zone.
RESULTS
a. Model Sensitivity Analysis
The diffusivity constant, D, has no direct bearing on the channel geometry but has a significant effect on the contaminant removal rate. Most VOC diffusion coefficients will fall in the range between 2.54E-7 to 3.0E-6 cm 
b. Laboratory Results
The removal rate is believed to be con- The laboratory measurement results in Figure 13 show a leveling off at 3.5 ppm, after 3 1/3
hours, while the model prediction tends to asymptotically approach zero-contaminant concentration. This discrepancy may be attributed to dispersion and/or adsorption processes which were not included in our numerical model. 
c. Result of Foam injection
In the case considered here, the average bubble size is larger than the pore diameter and thus foam flows as a progression of films that 
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